To validate the novel system, we compared the vertical distribution of monocotyledonous and 5 dicotyledonous root systems within rhizotrons (experiment 1) and quantified the projected 6 shoot area of monocotyledonous plants by analysing images taken from different camera 7 angles (experiment 2). In addition, we tested the correlation of visible root length with total 8 root system length and plant development (experiment 3) and the potential of the system was 9
shown by analysing the effect of soil compaction on shoot and root growth and root system 10 architecture (experiment 4). 11
In experiment (1), the following plant species were analysed: Arabidopsis thaliana (L. To standardise compaction protocols across replicate rhizotrons, portions of 500 g or 1000 g 1 substrate were poured gradually and compressed as described below. The substrate was 2 compacted using a custom-built compaction frame including a manual pallet fork-lift for 3 lifting individual rhizotrons while applying a defined pressure to the soil surface by means of 4 a wooden plank. Applied pressure and compaction values were calculated using a scale. Two 5 draining drills with a diameter of 0.8 cm at the bottom of the rhizotrons, together with a layer 6 of hygroscopic foam (10 cm, Mosy GmbH, Thedinghausen, Germany) maintained sufficient 7 drainage and oxygen supply to the roots (approx. 20% by volume, data not shown). 8
All plants were supplied with tap water (approx. 7 mg l -1 N, 0.5 mg l -1 P, 2.6 mg l -1 K, 14 mg 9 l -1 Mg; 440 µS cm -1 ), except for rice and barley plants grown in the peat/basalt grid mix, 10 which were supplied with nutrient solution (rice: 7.1 mmol l -1 N, 0.52 mmol l -1 P 2 O 5 , 2.05 11 mmol l -1 K 2 O, 320 µmol l -1 Mg, 7.45 µmol l -1 Si, 1.1 µmol l -1 Fe and barley: 24.9 mmol l -1 N, 12
1.3 mmol l -1 P, 1.75 mmol l -1 K, 27.9 nmol l -1 Si). To keep a soil water content of approx. 13 30% (VWC), plants were watered regularly, while the frequency and amount of water or 14 nutrient solution depended on the size of the rhizotrons (small rhizotrons: three times per 15 week 60 ml; large rhizotrons: two times per day 400 ml). Plants were grown in the PhyTec 16 greenhouse of the Institute Plant Sciences (IBG-2; Forschungszentrum Jülich GmbH, Jülich, 17
Germany), which is covered by a specially formulated micro-structured glass (Centrosolar 18 Glas, Fürth, Germany) with high transparency for photosynthetically active radiation (PAR) 19 and ultraviolet (UV) radiation (up to 97% in visible light and up to 35% UV-B transmittance). 20
Environmental conditions were: day length of 16 h, day / night temperatures of approx. 24°C / 21 18°C and supplemental illumination (SON-T AGRO 400, Philips) was automatically turned 22 on when the ambient light intensity outside the greenhouse was < 400 μmol m -2 s -1 between 6 23 a.m. and 10 p.m. 24
25
Automated phenotyping of root system architecture and shoot growth 26
We designed the GROWSCREEN-Rhizo setup (Fig. 1) in collaboration with the company 27 Maschinenbau Kitz GmbH (Troisdorf, Germany) who built the prototype and provided 28 automation control. The rhizotrons were custom-built at Forschungszentrum Jülich GmbH 29 and the final automation protocols and imaging setup were realised at our institute. The 30 imaging platform enables measuring simultaneously development of leaf area and root 31 systems for plants grown in up to 60 rhizotrons per hour. Plants can be analysed with this 32 setup until shoot reaches a height of max. 80 cm or roots reach the bottom of the rhizotronsperiod after germination corresponding, for example, to four weeks for maize plants or up to 1 flowering time point for Arabidopsis plants in our conditions. 2
The prototype is located in the PhyTec greenhouse facility and consists of two rows of 3 mounting frames in which rhizotrons (outer dimensions: 90 x 70 x 5 cm) are inserted. 4
However, individual or multiple smaller rhizotrons can be inserted by using adapters. The 5 rhizotrons consist of one transparent polycarbonate plate. To prevent light from reaching roots 6 and also algal growth in the soil, the transparent side of the rhizotrons is shielded by an 7 opaque plate combined with dense, black brush curtains (Fig. 1) . The inclination angle of the 8 rhizotrons can be adjusted from 0° (vertical) to 43° with the transparent plate of the rhizotrons 9 facing downwards. Rhizotrons are placed in two rows; each row is split into two groups 10 which can be treated separately (Fig. 1) . In total, 72 positions exist in which rhizotrons or 11 adapters for one or more rhizotrons can be inserted and each position has a unique ID. 12
Between both rows of rhizotrons a cabinet for imaging rhizotrons is moved automatically on a 13 linear axis with a bi-directional motion. Users can define in which order the cabinet will reach 14 rhizotrons for analysis. To draw a rhizotron into the imaging cabinet, the analysis sleds 15 carrying cameras and light panels inside the cabinet are adapted to the angle of the 16 compartment the rhizotron is being drawn from. This ensures that rhizotrons are kept at the 17 same angle during both cultivation and imaging. A change of the inclination angle would lead 18 to a modified gravitropic signal. After adjusting the angle, the rhizotron is positioned inside 19 the imaging cabinet by a mechanical swivel arm pulling each rhizotron at a hook mounted on 20 one side. The motion into the cabinet is facilitated by slide bars and roller bearings. The motor 21 drawing the rhizotrons is able to actuate completely sand-filled rhizotrons (up to 80 kg). 22
Subsequently, the doors of the cabinet are closed with rolling cutter gates to prevent light 23 conditions influencing image acquisition. Inside the cabinet, two side-view images of the 24 shoot were acquired by two cameras (5 MP camera, GRAS-50S5C, Point Grey Research Inc, 25
Vancouver, Canada; combined with 8 mm FL compact fixed focal length lens, NT56-526, 26
Edmund Optics GmbH, Karlsruhe, Germany) mounted at an angle of 90° to each other and 27 one image of the whole transparent rhizotron surface is acquired with a high resolution 28 camera (16 MP camera, IPX-16M3-VMFB, Imperx, Inc, Boca Raton, Fl, USA; combined 29 with Zeiss Distagon T 2,0/28 ZF-I lens, Jena, Germany). The resolution of the acquired 30 images (230 µm per pixel) is high enough to detect the roots of the evaluated plant species. 31
Illumination is provided by using LED-panels (LED Light Source SL3500-W-J, cool white, 32 colour temperature 8000 K, Brno, Czech Republic) which are turned on synchronized withsignificant effect on root growth which could be revealed by comparing undisturbed and 1 regularly screened plants (not shown). The light panels' position and angle were adjusted to 2 prevent reflections in the images. To increase the contrast between plant and background and 3 to avoid reflections, the cabinet is equipped with black walls. After image acquisition the 4 gates are opened and the rhizotron is placed back to its initial position completing the routine. 5
These steps are repeated automatically for each user-defined position. The whole procedure is 6 automated and driven by a custom software program implemented with LabVIEW ® . 7
For automatic irrigation of plants, a system (T1030plus, Gardena Deutschland GmbH, Ulm, 8
Germany) was installed equipped with four drippers per rhizotron (Fig. 1) . The drippers are 9 uniformly distributed over the length of the rhizotrons and allow irrigation of the plants at a 10 user-defined frequency and volume (+/-2%). Each rhizotron contains two drainage holes to 11 release gravimetrically the excess irrigation solution, which is released into a canalisation 12 system mounted below the rhizotrons and can be collected for physical-chemical analyses. and varies between minutes to hours. We conclude that, to reach the goal of matching the 2 same throughput in image acquisition and processing especially for complex root systems and 3 low contrast backgrounds the software will need to be further improved in the future. The 4 structure of all roots -manually or automatically detected -is then integrated, depicted in a 5 false-colour image (Fig. 2 b, d ) and used to determine the following root parameters: root 6 length, branching rates and angles, and spatial distribution of roots within the substrate. Root 7 traits can be divided into global ones -derived from the entire visible part of the root system -8 and local ones -derived from individual roots. Global traits include total length of all visible 9 roots, root length density (root length per surface area of rhizotrons) quantified at certain 10 substrate layers, rooting depth representing the maximal vertical depth of a root system, and 11 root system width representing the maximal horizontal width of a root system. Traits resulting 12 from performance of individual roots comprise length and number of roots including different 13 root orders, such as main roots (including shoot borne roots) and lateral roots ( To correlate visible roots (from 2D imaging) with total root length and biomass, roots were 22 carefully washed out of the soil and scanned (600 dpi, flatbed scanner, Canon Scan LIDE 60, 23
Canon, Krefeld, Germany). Total root system length was then determined either by tracing 24 roots with GROWSCREEN-Root or with a commercial software (WinRHIZO 2012, Regent 25 Instruments; settings: grey value threshold 30; removal of objects with an area < 1 cm² and a 26 length-width-ratio < 4). Dry weight of both roots and shoots were determined after samples 27 had been oven-dried at 70°C for about 48 h or until constant weight was reached. 28 29
Analysis of shoot growth and estimation of shoot biomass 30
For monocotyledonous plants, like maize and barley, colour images from two side-views at a 31 90° horizontal rotation were used to quantify the projected leaf area. The amount of pixels 32 corresponding to projected leaf area was determined automatically with custom-made 33 algorithms that allowed segmentation for thresholds of the parameters hue, saturation andvalue and therefore distinguishing between plant and background (Walter et al. 2007 ). To 1 compare the projected leaf area quantified from images with real leaf area, leaves of each 2 maize and barley plant were scanned (300 dpi, flatbed scanner, Canon Scan LIDE 60, Canon, 3
Krefeld, Germany). For these purposes, plants were harvested at different developmental 4 stages up to 6 weeks after sowing. At each time point, ten maize and barley plants were 5 harvested and fresh weight of shoot was measured to correlate shoot biomass with detected 6 leaf area. 7 8
Statistical analysis 9
The effect of mechanical impedance on root growth and spatial distribution of roots within 10 rhizotrons were analysed using student's t-test (SigmaStat, Systat Software Inc., Richmond, 11 CA, USA). 12 13 14
Results

15
GROWSCREEN-Rhizo enables quantification of root and shoot growth non-invasively 16
To evaluate the precision of the software tool for analysing growth and geometry of visible 17 parts of root systems growing along the transparent plate of rhizotrons, reference objects with 18 defined lengths were inserted in rhizotrons. The strong linear correlation (R² = 0.999) between 19 the real length and the length of those objects quantified with the software GROWSCREEN-20
Root point out the high precision of the novel image-based tool and its value for root 21 phenotyping (Fig. 3) . Based on this, we could, for instance, analyse the vertical distribution 22 within rhizotrons of both monocotyledonous and dicotyledonous root systems (Fig. 4 , 23 experiment 1). Generally, dicots exhibited a higher root length density in the upper than in the 24 deeper soil layers. The dicot model plant Arabidopsis exhibited a root length density of up to 25 0.9 cm cm -² surface area of rhizotrons in the top 15 cm, which strongly decreases in deeper 26 substrate layers (Fig. 4 a) . In rapeseed, a similar result was found with a root length density of 27 up to 0.8 cm cm -² in the upper 15 cm of rhizotrons (Fig. 4 b) . Nevertheless, at a comparable 28 root system length of approx. connected to water and nutrient accessibility. 7
To calculate projected leaf area during shoot development of monocotyledons we used images 8 taken from two side-views at a 90° horizontal rotation angle. To evaluate the precision of the 9 analysis, the image-based method was calibrated against destructive measurements of total 10 leaf area and shoot biomass (experiment 2). When the sum of projected leaf area of both 2D 11 images was compared with leaf area quantified by scanning leaves, we found that linear 12 regression captures the variation (Fig. 5 a, b) . The leaf area determined from the sum of 13 projected leaf area from both images seem to slightly overestimate total leaf area of maize 14 (about 2%) and even more for barley plants (about 12%) due to more complex shoot 15 architecture of the latter. Despite this overestimation the correlation coefficient for 100 barley 16 plants at different developmental stages (up to six weeks after sowing) was R² = 0.97 ( Fig. 5  17 a) and for 80 maize plants even larger R² = 0.99 (Fig. 5 b) . Similar linear correlations were 18 found when the projected leaf area estimated from the two side-view images was plotted 19 against the shoot biomass (R² = 0.95 for barley ( Fig. 5 c) ; R² = 0.98 for maize plants (Fig. 5  20   d) ). This result implies that leaf area quantified non-invasively by images taken from two 21
side-views at a 90° horizontal rotation can be sufficient to estimate shoot development at early 22 vegetative stages. 23
24
The visible portion of the root system in rhizotrons is correlated with the total length of the 25 root system for different species 26
Our novel screening device was specifically designed to enable standardised routine 27 evaluation of growth and architecture of roots grown in soil-filled rhizotrons non-invasively. 28
However, a disadvantage of rhizotrons is that only a part of the root system is visible at the 29 transparent plate of the containers. The proportion of roots reaching the transparent plate that 30 is accessible for image analysis is dependent on the inclination of the rhizotrons with respect 31 to the ground (experiment 3). Generally, the more the rhizotron is inclined (with the 32 transparent side of rhizotrons facing downwards), the higher the proportion of visible roots 33 compared to the entire root system. While only approx. 14% of the total root system of barleyplants grown in vertical rhizotrons (inclination angle of 0°, representing the angle between the 1 vertical line and the rhizotrons) was visible, this percentage increased to approx. 24% at an 2 inclination angle of 25° and was approx. 33% at an inclination angle of 43° (representing the 3 maximum inclination angle of the GROWSCREEN-Rhizo setup), respectively (data not 4 shown). Additional to the inclination angle of rhizotrons, we tested if soil properties, in 5 particular mechanical impedance affect the fraction of visible roots. While a moderate 6 increase in soil compaction by 2-3 times (up to 0.16 MPa (maize) and 0.78 MPa (barley)) 7 compared with low compacted soil resulted in specific root weight increases for both barley 8 (+38%) and maize plants (+11%), the fraction of visible roots was only marginally reduced 9 for barley plants (-2%) and slightly increased for maize plants (+4%, Tab. 1). In contrast to 10 the inclination angle of rhizotrons, we observed that moderate soil mechanical impedance on 11 developing roots had a negligible effect on the proportion of roots which are visible at the 12 transparent plate of rhizotrons. 13
For further confirmation of the correlation between the visible and total root system length, 14 we analysed four monocot and two dicot plant species under comparable growth conditions 15 including inclination angle of rhizotrons of 43° (for more details, see Material and Methods). 16
Linear correlations were found between the root length visible at the transparent surface of 17 soil-filled rhizotrons and the total root system length for all examined plant species (Fig. 6 a) . 18
The correlation coefficients ranged from R² = 0.91 for barley plants up to R² = 0.97 for 19 rapeseed plants, with the exception of maize (R² = 0.51). However, the slopes of linear 20 regression curves varied between species: both examined dicot species (Arabidopsis and 21 rapeseed) showed curves with steeper gradient compared to the monocot species, rice, barley, 22
Brachypodium, and maize, respectively (Fig. 6 a) . These results show that the percentage of 23 visible roots compared to total root system differs between plant species in our setup. 24
Arabidopsis roots grown in rhizotrons positioned on average 77% of the entire root system 25 along the transparent plate and rapeseed plants approx. 42%. In the examined monocot 26 species comparatively less roots are visible; 33% barley, 32% rice, 24% Brachypodium, and 27 only 17% of maize root system are accessible (Fig. 6 a, Tab. 2) . To some extent, the fraction 28 of roots visible along the transparent plate was related to the specific root weight for the 29 examined plant species. The higher the proportion of visible roots, the lower the specific root 30 weight, which ranged from 0.5 mg m -1 in Arabidopsis to 24.5 . mg m -1 root biomass per unit 31 root length in maize plants (Tab. 2). One exception was Brachypodium that exhibited a 32 relatively low fraction of visible roots together with a low specific root weight of 1.7 mg mthe visible fraction correlated with root dry weight of different plant species (Fig. 6 b) . 3
Furthermore, visible root length exhibited linear correlations with development of 4 aboveground plant organs, shoot biomass (Fig. 6 c) as well as leaf area development (Fig. 6  5   d ). Comparable to the results obtained for the correlation between visible and total root 6 system length, the slopes of linear regression curves differed between plant species. 7
Arabidopsis plants exhibited the steepest gradient compared to rapeseed, rice, barley, and 8 Brachypodium plants; maize showed the weakest gradient (Fig. 6) . Accordingly, at a 9 comparable visible root length of 300 cm, maize plants produced 75 times more root biomass, 10 14 times more shoot biomass, and a 9 times larger leaf area than Arabidopsis plants. 11
12
Moderate increases in soil strength affect root system architecture of barley plants 13
As a first application of the novel system GROWSCREEN-Rhizo we devised a protocol to 14 study the reaction of root growth dynamic and root system development in response to 15 varying soil compaction levels in rhizotrons (Fig. 7, experiment 4) . Soil compaction is a factor 16 that may significantly limit the development of root systems in the field. To understand the 17 potential of the system, we chose to apply a relatively moderate soil compaction level of 0.52 18 MPa (moderate compaction) compared with low compaction of 0.06 MPa (low compaction). 19
The outcome of this relatively small increase in soil strength was a comparable leaf area 20 development (Fig. 7 a) (Fig. 7 b; P<0.05 day 8-17). At both 26 soil compaction levels, lateral roots emerged eleven days after sowing but already three days 27 later growth of lateral roots was significantly reduced when soil compaction was moderately 28 increased (Fig. 7 c ; P = 0.028). In total, lateral root systems of plants grown under 0.52 MPa 29 were 34% shorter than those of plants grown under 0.06 MPa. In a similar range rooting depth 30 was inhibited by soil strength. Until the end of observation (day 20) roots did not reach the 31 bottom of the rhizotrons. Soil compaction affected not only the root growth rate, but also the 32 spatial distribution of roots within the rhizotrons (Fig. 7 d) . The soil was homogeneously1 compacted soil, induced significantly root growth into this top soil layer (P = 0.004). 2 However, below a depth of approx. 25 cm, root length density of plants grown in moderate 3 compacted rhizotrons revealed a strong decrease. This reduction was significant in the horizon 4 starting at 32 cm and including deeper soil layers (Fig. 7 d ; P = 0.039). In conclusion, these 5 results highlight that the automated rhizotron cultivation system and the imaging routine 6 enable detection of changes in root length and geometry of root systems caused by relatively 7 moderate mechanical stresses. 8 9 10
Discussion 11
The novel method GROWSCREEN-Rhizo enables to phenotype root systems and correlate 12 root traits to whole plant development 13 The novel phenotyping system presented here, which we named GROWSCREEN-Rhizo, is 14 capable to deliver quantitative information on root system development and plant 15 performance of rhizotron-grown plants. These are essential information to tackle biological 16 questions stemming from both basic research as well as from breeding processes. For 17 example, this method is applicable to detect differences in root system architecture induced by 18 relatively moderate increases in soil compaction (Fig. 7 ). An increase in soil compaction from 19 0.06 to 0.52 MPa resulted in significant reduction in growth of main as well as lateral roots of 20 barley plants (Fig. 7 b, c) . It has been reported for several species that root elongation rate 21 varies inversely with soil resistance within a range of 0 to 7.5 MPa (e.g., Atwell 1993; 22
Bengough et al. 2011). In our experiments mechanical impedance due to compaction of the 23 soil caused not only a reduction of root growth but also of the spatial distribution of roots 24 along the soil profile. An increase in soil strength resulted in a shift of root distribution to the 25 top soil layers while rooting depth was decreased (Fig. 7 d) . These results obtained in soil-26 filled rhizotrons are in line with findings obtained in the field (Lipiec et al. 1991) . While root 27 system development was reduced under moderate soil compaction in our rhizotrons, leaf 28 growth was unaffected (Fig 7 a) . This is apparently in contrast to the findings of Beemster et 29 al. (1996) who showed that resistance to root penetration leads to a reduction in leaf cell 30 elongation of wheat plants, while leaf growth is more strongly affected compared with root 31 growth (Masle 1992). The discrepancy between these studies and our findings can be 32 explained by the much higher level of soil compaction (7.5 MPa) which Beemster et al.
threshold of soil resistance to root penetration has to be reached to affect leaf growth. This 1 hypothesis is confirmed by Lipiec et al. (1991) who showed that high levels of soil resistance 2 are needed to decrease leaf area index of barley plants grown in the field. However, the 3 degree to which the reduction in root development triggered by mechanical impedance 4 reduces shoot biomass or yield also depends on the extent of restriction in water and nutrient 5 uptake (Clark et al. 2003) . 6 The distribution of root length per unit volume in the soil profile is the key to extract 7 sufficient water and nutrients (Gregory et al. 2009 ). Differences in root length density along 8 the depth of rhizotrons were also detected when monocot and dicot species were screened 9 (Fig. 4) . While the dicot species Arabidopsis and rapeseed exhibited a higher root length 10 density in top substrate layers, lower values were found in deeper layers compared with the 11 monocot species, Brachypodium and barley. These modifications can be ascribed to 12 morphological differences of monocot and dicot root system. The allorhizic root system of 13 dicotyledons is characterised by the development of one primary root and lateral roots which 14 start branching at the base of the root system (Osmont et al. 2007 ). Consequently, during the 15 first weeks after germination, a higher root length density would be expected in top soil 16
layers. Yet, in homorhizic root systems such as those of monocots, many adventitious roots 17 develop in parallel to the primary root (Osmont et al. 2007 ) and lead to a higher root length 18 density in deeper layers. length represents approx. 30% of total root system length. Consequently, the visible part of 29 the root system can only be used as a measure for growth of total root system if differences 30 between species are taken into consideration and well-defined protocols are used. In addition, 31 the assumption that the visible part is a constant fraction of the total root system must always 32 be thoroughly checked before analysing new species or changing environmental conditionsbetween the visible and the total root system, it is useful to address if root and shoot growth 1 profiles observed in rhizotrons are comparable with those detected in other growth media and 2 conditions. Further studies are needed to test if the transparent plate of rhizotrons -along 3 which roots are forced to grow -modifies root growth and / or root system architecture and if 4 the root traits observed in rhizotrons are relevant under field situations. For this approach not 5 only field but also agar-grown plants can be taken into account due to the visibility and 6 accessibility of whole root systems in transparent media. The combination of different 7 methods and approaches under artificial and natural environments and the integration at 8 different scales into "phenotyping chains" will improve our knowledge of the hidden half of The novel platform described in this paper is a unique automated prototype to phenotype root 20 system architecture of a diverse set of plant species grown in soil-filled rhizotrons. The 21 system demonstrates a step towards bridging the gap between lab and field and enables to 22 quantify static and dynamic characteristics of root systems, and to correlate them to whole 23 plant growth and development. The evaluation of root traits of a diverse set of genetic 24 resources under a range of environmental conditions will give the opportunity to discover the 25 genetic control of root system architecture. The prototype scaled to a desired throughput 26 (thousands of plants) will represent a valuable tool to characterise gene function and assist 27 breeding pipelines by selecting genotypes with improved plant growth performance, biomass, 28 and yield production. Soil compaction showed no effect on leaf area development (A), but affected main (B) 4 as well as lateral (C) root growth and spatial distribution of roots (D), respectively. 5
The results show the potential of the new device GROWSCREEN-Rhizo in 6 quantifying dynamical changes of root growth and phenotyping root system 7 architecture (mean value +/-SE, n=8). 8
